I. INTRODUCTION
R ARE-EARTH doped materials have been researched extensively for light emission applications over the past 30 years. Applications include fiber amplifiers, such as erbium doped glass fiber amplifiers, lasers (such as YAG:Nd), and thin film electroluminescent devices (TFELD). Specifically, the ZnSeS system has been used as a host for rare-earth atoms and rare-earth based molecules in order to obtain luminescence. This research has shown that the dominant mechanism of electroluminescence is by carrier impact excitation [1] - [3] .
Research on silicon doped with erbium has shown that the infrared (IR) radiation at 1.5 m, due to an electronic transition from I to I , is generally quenched at temperatures around 300 K [4] , [5] . The addition of oxygen has been shown to improve the temperature quenching in silicon [6] , [7] . Indeed Si:Er research has shown that practical devices may be possible by overcoming limits on erbium concentration and by Manuscript received May 1, 2001 ; revised September 4, 2001 . This work was supported in part by ARO Contract DAAD19-99-1-038. The review of this paper was arranged by Editor P. Bhattacharya.
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changing the local environment of the erbium atoms [8] . GaP has a larger bandgap, which has been shown to improve temperature quenching. However, EL intensity still falls off around 300 K, similar to Si [9] . More recently, rare-earth doped GaN has received attention due to the observation that temperature quenching of the IR radiation is reduced as the band gap of the host semiconductor material increases [10] . In fact, the IR radiation has been investigated using photo-, cathodo-, and electroluminescence studies [11] . The temperature dependence of IR radiation from erbium implanted GaN has also been investigated [12] , [13] . In addition, the excitation mechanisms resulting in IR radiation have been investigated [14] . Er-doped GaN was the first III-V semiconductor host to exhibit [15] visible (green) emission at 537 and 558 nm due to electronic transitions from the H and S to the I , respectively. Similar to IR emission, the green light emission was observed using photo- [15] , [16] , cathodo- [17] , and electroluminescence [18] - [20] . Until now, there have been no reports concerning the temperature dependence of the EL intensity (IR or visible light) or current transport mechanisms for GaN:Er. We feel that this information will help clarify the practicality of rare-earth doped GaN EL devices as visible and IR light emitters, especially since our results indicate that temperature quenching of the 1.5 m radiation in GaN:Er does not occur until higher temperature.
II. EXPERIMENTAL CONDITIONS
A p-type (10 -cm) Si and c-plane sapphire were used as substrates for the GaN:Er ELD structure. The GaN growth was perfomed by MBE in a Riber 32 system.The MBE process starts with the growth of a thin, low temperature GaN buffer layer followed by two GaN layers: 0.6 m of undoped GaN and 0.6 m of Er-doped GaN. Finally, a 0.2 m "capping" layer of undoped GaN was grown. The GaN layers were grown at a substrate temperature of 700 C depending on whether a Si or sapphire substrate was used. In general, the reflection high-electron energy diffraction (RHEED) patterns obtained from the erbium doped GaN films during growth were essentially the same for sapphire and silicon substrates. The RHEED patterns were partially spotty and partially streaky. This is due to the use of a slightly Ga deficient growth regime, which enhances the luminescence efficiency of the Er ions. Additional information on the growth process of Er-doped GaN can be found elsewhere [21] , [22] . A layer of indium tin oxide (ITO) was used to obtain transparent electrodes to the ELD structure. The 0018-9383/02$17.00 © 2002 IEEE electrodes were deposited by RF-sputtering from an ITO target with a composition of 90% In O and 10% SnO and were patterned with a lift-off process. The sputtering was performed at 5 mtorr with 50 W of RF power, resulting in 123 V of dc bias. Under these conditions, the deposition rate was 40 min. The ITO film was 800 thick and had a sheet resistance of 3000 as-deposited. Postdeposition annealing was performed in an AG Associates rapid thermal annealer at 450 C for two minutes in a nitrogen atmosphere, resulting in a much reduced sheet resistance of 90
The ITO film had a transmission of 95 at 537 nm (green light) and 88 at 1500 nm (IR light). The current-voltage (I-V) measurements were made using a Hewlett Packard 4140 B characterization unit with 10 mA and 100 V max capability. Electroluminescence spectra were collected using an Acton Research spectrometer. Optical power measurements were made using a Newport 1818-SL/CM optical power meter. An MMR Technologies low temperature microprobe system with a K-20 heater controller was used for the temperature studies.
III. RESULTS AND DISCUSSION
A schematic cross section of the GaN:Er ELD is shown in Fig. 1 . A small circular inner electrode is separated from a much larger outer electrode, which surrounds it. The temperature dependence of the linear I-V characteristics for a typical GaN:Er ELD on silicon is also shown in Fig. 1 . Notice that the positive and negative bias regions are nearly symmetrical at all temperatures. Visible and IR emission is present under both positive and negative bias, but intensity is greater under the negatively biased electrode. This is most likely due to the fact that there is avalanche breakdown occurring under the electrode, as discussed in detail later. There is almost no emission from the inter-electrode region. The efficiency of the light emission process changes as a function of temperature and will also be described later.
At room temperature (300 K) the device shows a low current regime until a bias of 70 V is reached, after which significant current flow ensues. We will show that this is actually the breakdown voltage of the reverse biased diode. The breakdown voltage decreases with increasing temperature, which has been shown to be related to the presence of defects [23] in similar material.
The choice of ITO as both the emitting and ground contact was made for reasons of convenience. Using ITO for both electrodes allowed for single mask device patterning. An additional advantage of using ITO is that it is semitransparent in both the visible and infrared wavelengths. The conductivity of the ITO is also nearly independent of temperature. ITO has been used as a contact for both n-type [24] and p-type [25] GaN. However, GaN:Er is basically semi-insulating and we consider ITO to be a Schottky contact.
Previously, we reported aluminum contact devices [19] that showed diode like behavior. Further investigation of the devices has led to the development of a device model that more accurately describes the I-V characteristic. Since there is no model for carrier transport in GaN:Er specifically, we also present a simple carrier transport model of the material based on the temperature dependence of the I-V measurements. As a starting point, we have narrowed the current controlling factors down to two: a) the ITO/GaN contacts; b) the GaN film conductivity. Fig. 2(a) shows a simple equivalent circuit model of our devices on sapphire. The key point is that no matter what bias polarity is applied, one Schottky diode is forward biased and one Schottky diode is reverse biased. It is the reverse biased diode that controls the flow of current initially. No current flows until a significant voltage is reached, at which point the reverse biased diode undergoes avalanche breakdown. Current begins to flow through the forward biased diode. At this point, the resistor in between the two diodes, representing the GaN:Er film, becomes important. Fig. 2(b) is the equivalent circuit model for devices on Si. It is essentially the same with the addition of carrier flow across the GaN/Si junction. Notice that if charge flows through the lateral GaN resistor and through the Si, then the model can be viewed as that seen in Fig. 2(a) , except the resistor becomes the series resistance of the entire device. The carrier transport of the resistor is somewhat complicated and is considered in more detail later. Current through the ITO/GaN contacts is likely to be thermally activated according to the thermionic emission relation: (1) where is the current density in A cm , is the effective Richardson's constant, is temperature in Kelvins, is the charge of an electron, is the Schottky barrier height, is Boltzmann's constant and is the applied bias in volts. Significant current does not flow until the reverse biased diode breaks down. After that, the current is controlled by the forward biased diode along with the series resistance of the device.
With this in mind, the effects of substrate type and erbium doping on current transport were investigated as a function of temperature. The results are summarized in Fig. 3 . In general, photoemissive GaN:Er films are quite resistive with 100 V applied bias resulting in 1 to 50 mA of current. In order to understand the role that erbium doping plays in the current conduction mechanism, devices were fabricated on undoped and erbium-doped GaN films grown on sapphire under similar growth conditions [ Fig. 3(a) and 3(b) ]. The use of insulating sapphire is helpful in determining current transport mechanisms because it prevents current flow through the substrate. It is therefore assumed that all current flow is through the GaN:Er layer in Fig. 3(a) and 3(b) . For comparison, the temperature dependence of the current flow of a GaN:Er ELD formed on a Si substrate is shown in Fig. 3(c) . Since all graphs shown in Figs. 3(a) to 3(c) use the same scale, it is instructive to comment on the slopes which indicate an electron emission mechanism [26] . Fig. 3(a) shows the effect of erbium doping on carrier generation. The device current is plotted versus inverse temperature. Samples #164 and #162 are both undoped GaN, while sample #107 is doped with erbium. All three samples were biased with a constant voltage of 1 V. In this case, breakdown has not occurred, and the current measured is the reverse saturation current described in (1) and the ohmic current of the GaN:Er resistor. Fig. 3(a) shows that the slopes of the I-T curves for all three samples are similar for temperatures below 25 C. However, the Er-doped sample (#107) shows a second distinct I-T slope for temperatures greater than 25 C. This suggests that the activation mechanism for undoped GaN is also present in Er-doped GaN at low temperature, but that the presence of erbium changes the electron emission mechanism. We model this situation as Frenkel-Poole emission [26] wherein electrons are trapped by an erbium related defect: (2) where is the electric field is the trap barrier and height is the insulator dynamic permittivity.
The distinct changes in slope of the erbium doped ELDs (#107, 123) indicate that Frenkel-Poole emission becomes the dominant conduction mechanism at temperatures above 25 C. Below 25 C the current is controlled by thermionic emission across the junction. The final point of interest in Fig. 3(a) is the overall conductivity of each sample. Although the two undoped samples shown here are more conductive than the erbium-doped sample, this is not always the case and depends strongly on growth parameters, especially the gallium flux used during MBE growth of the material. Fig. 3(b) shows the behavior of a GaN:Er device fabricated on sapphire (#107) at bias voltages of 1, 10, and 100 V. The device biased at 1 V is not in breakdown at most temperatures, while the device biased at 100 V is in breakdown at most temperatures. The fact that the slopes of the I-T characteristics are independent of voltage indicates that electron emission mechanisms are not affected by the breakdown occurring in the reverse biased junction. As in Fig. 3(a) , the dominant electron emission mechanism changes around room temperature. Although the device becomes more conductive at higher voltage, the log I versus 1/T slopes do not change, indicating that the carrier generation mechanism is still the same. The fact that a 10 X increase in voltage results in a 10 X increase in current simply indicates that the resistance of the devices (on sapphire) is not a function of voltage. This is not the case for devices using silicon as the substrate. Fig. 3(c) shows the behavior of an erbium doped GaN ELD fabricated on silicon under bias conditions of 1, 10, and 100 V. For bias voltages of 1 and 10 V, the I-T dependence is very similar to that of the ELD on sapphire shown in Fig. 3(b) . However, when the device fabricated on silicon is biased at 100 V, the resistance of the device drops dramatically. This indicates that current flows across the GaN/Si heterojunction. We suggest that this causes the device series resistance to decrease by allowing current to flow through the Si substrate, which is more conductive than the GaN:Er film.
Figs. 4 and 5 show photographs of devices during EL operation. Fig. 4 shows devices on Si. The same structure as in Fig. 1(a) still applies, but instead of using the large electrode which surrounds ring A as a bias point, a second ring electrode (B) was used to eliminate the effect of electrode size, by keeping them equal. The two equal area electrodes both emit, but the negative-biased electrode is always brighter. This suggests that the most important factor in generating light emission in these devices is the electric field intensity, which is highest in the reverse biased junction [see Fig. 2(a) ]. Fig. 5 shows devices fabricated on sapphire during EL operation. The inner dashed white circle has been added to outline the ring electrode. Here, the bias scheme is identical to that shown in Fig. 1(a) . Current crowding is likely occurring at the edges of the electrodes. In this case, it is clear that current density is also important in the light emission process. The ring electrode is negative in Fig. 5(a) , and positive in Fig. 5(b) . Notice that negative bias produces more emission when applied to either the inner or outer electrode.
This evidence supports the idea that impact excitation is the dominant electroluminescence mechanism. The emission uniformity under the electrodes of devices on silicon versus sapphire confirms that carriers flow through the silicon for devices on silicon, and current crowding is taking place in devices on sapphire. 6-11 contain electroluminescence data from GaN:Er ELDs fabricated on silicon. The erbium concentration for these samples was kept constant at a value of approximately 6 10 cm , as determined by secondary ion mass spectroscopy (SIMS). The effect of erbium doping concentration on the luminescence intensity was recently reported by Lee et al. [27] . Fig. 6 shows the temperature dependence of the visible EL emission spectrum. The power applied to the device was kept constant at 250 mW. In addition to the previously identified transitions at 537 and 558 nm, a peak at 666 nm is attributed to the F -I transition. Notice that there is no appreciable shift in wavelength of the light emitted, but that the intensity of the light emitted at each wavelength varies with temperature. The 537-nm line and the 558-nm line (both green) seem to be coupled, whereas the 666-nm line (red) simply decreases in intensity as temperature is increased. Fig. 7 shows the temperature dependence of the EL peak intensity of the individual visible emission lines shown in Fig. 6 . It clearly shows that each Er electronic transition is excited differently as the temperature is varied. We observe that electrical pumping induces the same temperature dependence first reported through the use of optical pumping [15] . Therefore, we can conclude that the temperature dependence of the visible emission intensity is solely a function of temperature and not the pumping method.
The effect of thermalization is shown in Fig. 8 , which can be used to calculate the difference in energy between the 537 and 558 nm lines using the relation: where and are the luminescence intensities of the upper and lower levels, is the energy difference between the two levels and is a constant containing the degeneracy and spontaneous emission rates of the two levels. The calculated from these data is 69 meV, which is lower than the value of 87 meV calculated using the difference in wavelength between the two EL peaks. Interestingly, the same calculation using PL data from similar GaN:Er samples results in a value for of 101.5 meV. The PL method overestimates the energy difference by 14.5 meV, whereas the EL method underestimates the value by 18 meV. This suggests that thermalized electrons transition to the ground state from different energy sublevels of the 537 and 558 nm states depending on whether optical or electrical pumping is used. This information may be useful when considering optical amplification and laser applications for this material. In addition to exploring the temperature behavior of the green transitions observed in GaN:Er ELD operation, the temperature behavior of the 1.5 m IR emission was also investigated. Fig. 9 shows the IR spectrum as a function of temperature. Three distinct peaks at 1515, 1537, and 1558 nm are observed. The spectrum with highest peak intensity is at 375 K. Fig. 10 shows the peak intensity of the three different IR peaks heights (clustered around 1.5 m) as a function of temperature. This graph illustrates that the individual peaks have essentially the same temperature dependence. The IR intensity begins to decrease at temperatures of 375 to 400 K.
The temperature dependence of the integrated EL intensity is shown in Fig. 11 . Notice that the intensity actually peaks at around 375 K. This is very important for 1.5 m erbium devices operating at or near room temperature, especially when considering the temperature quenching of the IR light in other semiconductor hosts. GaN shows superior IR temperature performance compared to GaAs, GaP and Si, which have been studied for Er-based light emitting applications. Notice that at least 90% of the maximum value is obtained for operating temperatures in the range from 270 K to 410 K.
IV. SUMMARY AND CONCLUSION
In summary, we have reported on the temperature dependence of visible and IR rare-earth-activated electroluminescence of Er-doped GaN. We showed that a simple model consisting of two back-to-back Schottky diodes accurately describes the I-V relationship. We have found that current transport is controlled by an Er-related electron trap at temperatures above 300 K and by an intrinsic carrier mechanism of the GaN at temperatures below 300 K. The substrate conductivity was seen to greatly affect the measured current. Spatial confinement of the emission during EL operation was explained in terms of emission intensity as a function of bias polarity and substrate type, based on the device model. Current density and electric field are both important in determining the location and intensity of light emission. The fact that the 537-nm peak is at highest intensity at 300 K and does not shift in wavelength at any reasonable temperature indicates that GaN:Er green light emitters can find practical applications. Light emitting devices based on erbium doped GaN will utilize either silicon or sapphire substrates depending on the application. For example, the use of silicon substrates would be attractive for flat panel display applications using visible emission from erbium doped GaN. For IR (1.5 m) telecommunication applications, the use of the sapphire substrate, with its low refractive index would be desirable.
